I.. NBS: Past and Present {#sec1}
=========================

NBS began in the United States in the 1960s with screening for phenylketonuria (PKU), a rare genetic disorder for which early identification dramatically affects prognosis. The first screening test required collecting a drop of a newborn\'s blood via a heel prick within 24--48 hours of birth and depositing it on a piece of filter paper. This test was used for NBS when the states first began requiring it by law in 1963.[^1^](#fn1){ref-type="fn"} The success of NBS for PKU led to questions about whether this screening method could be applied to other diseases as well. The list of diseases screened for has grown steadily since the 1970s. In the USA, states pass laws requiring NBS for various conditions---the USA is one of the only two industrialized nations without a national NBS program.^[2](#fn2){ref-type="fn"},[3](#fn3){ref-type="fn"}^ As of 2000, there were significant differences in the diseases states were screening for, as well as a large range in the number of conditions screened for---between 3 and 36, depending on the state.[^2^](#fn2){ref-type="fn"}

In 1968, only a few years after the USA first implemented PKU screening, the World Health Organization (WHO) released guidelines, written by James Maxwell Glover Wilson and Gunnar Junger, meant to guide population-based screening programs. These guidelines state that screening should be done for conditions that address important health problems for which an accepted treatment is available. These principles emphasize that the individual being screened should benefit from the screening program. This guideline was echoed in many reports that followed, including the 1994 report by the Institute of Medicine, *Assessing Genetic Risk: Implications for Health and Social Policy*, which stated that 'a person should not be used as a means for the benefit of others'. This is a crucial point to consider in the context of whole-genome screening, as many (though not all) of the benefits of screening for conditions are for the family or society, not for the affected individual.[^2^](#fn2){ref-type="fn"}

By 2003, the geographical disparities created by states' differing laws on NBS led to the creation of a national task force, which recommended the development of a standardized list of conditions for NBS. The task force funded the American College of Medical Genetics (ACMG) to create a panel of experts. In 2005, the group released a report including 29 conditions.[^4^](#fn4){ref-type="fn"} In creating this list, the panel considered several factors, including the incidence and burden of the condition, the availability and efficacy of the screening test, and the availability and efficacy of treatment.[^5^](#fn5){ref-type="fn"} These 29 core conditions all result in serious medical complications, such as permanent cognitive impairment or death, if not recognized early, and all have some interventions that can improve outcomes if diagnosed early. Another 25 conditions were assigned to a secondary list because the corresponding metabolites are found incidentally as part of the process of screening for the core conditions, and in many cases their significance is not understood.^[6](#fn6){ref-type="fn"},[7](#fn7){ref-type="fn"}^ The Secretary of Health and Human Services adopted the list as the nation\'s NBS standard in May 2010, although, again, state governments, not the federal government, actually decide which tests will be used.^[6](#fn6){ref-type="fn"}^ This report was important in providing, for the first time, national guidelines with recommended minimums for NBS in order to reduce inequities in screening programs among states. It would both encourage performance of useful screening tests and help prevent screening for conditions deemed inappropriate for NBS.

One of the driving forces of this shift was the dramatic technological improvements occurring concurrently. Around the same time the ACMG report came out, tandem mass spectrometry (MS/MS) technology was introduced and was adopted by most screening programs in the USA. This technology made screening faster and easier by allowing most screens to be run on the blood spot concurrently, rather than requiring a separate assay for each. It also reduced the number of false positives. MS/MS can screen for more than 40 inborn errors of metabolism, which comprise the majority of NBS panels in all states.[^8^](#fn8){ref-type="fn"} Today, more than 4 million newborns are screened each year in the United States, and of them, 12,500 are diagnosed with one of the core conditions, of which there are now 31.^[5](#fn5){ref-type="fn"}^ The advent of MS/MS so dramatically impacted states' capacity to screen for more diseases that, for the first time, the limiting factor determining which diseases were screened for was not necessarily the cost or time entailed to test, but rather, the disease characteristics and the disease\'s suitability for screening based on several criteria, including the quality of the available screening test and the treatability of the disease. Finally, we were asking not only *can* we screen for this disorder, but *should* we?

In addition to state-by-state variation in the conditions that are screened for, states also vary among other dimensions, including treatment protocols, services available for follow-up, and to what extent those services are paid for by the state. In most states NBS is mandatory, and informed consent is not required or obtained. Some states allow parents to opt out of NBS, but parents rarely exercise this option and rarely even know that NBS is being done.[^9^](#fn9){ref-type="fn"}

The current cost of NBS is difficult to assess, as the programs are funded differently state by state. However, in California, the cost of NBS between 2005 (when expanded NBS was implemented) and 2009 was about $\documentclass[12pt]{minimal}
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In addition to the financial cost of NBS, there are other costs as well, including the time, money, and stress associated with false positives. False positives are an unavoidable part of screening programs, which struggle to balance sensitivity and specificity. Based on the statistics published from California\'s newborns screening program between July 2005 and April 2009, 2,105,119 newborns were screened, and of those 4580 were referred to a metabolic clinic for follow-up. Ultimately, 754 of these infants (16%) were confirmed to have a disorder (true positive result), making the ratio of false positives to true positives more than 4:1.[^2^](#fn2){ref-type="fn"}

II.. Whole-Genome Sequencing {#sec2}
============================

Recent advances in technology have dramatically altered the landscape of genetic testing. The human genome was first sequenced in full in 2003. It took 13 years and costed nearly \$3 billion.[^10^](#fn10){ref-type="fn"} As of January 2014, a leading sequencing company is claiming to be able to sequence the whole genome (without interpretation) for \$1000 in 24 hours.[^11^](#fn11){ref-type="fn"} While \$1000 per test is still prohibitively expensive for a program that tests more than 4 million infants a year, the precipitous drop in the cost of WGS has led many to wonder if, or when, this technology might be utilized for NBS.

Were WGS to be adopted for NBS, it would dramatically increase the amount of information available from screening. With current methods for NBS, the output is simply biochemical levels for a few dozen analytes. A genome, on the other hand, comprises more than 3 billion base pairs, and can require more than 1.5 terabytes of data storage capacity. Of course, we only understand the functionality of a very small percentage of the genome, but even so, having this information would mean that in theory, we could give parents information about all genes known to have implications in disease, or even traits, and your knowledge of these correlations will only increase in time.

Anticipating the rapidly changing landscape of genetic testing, the NIH launched a pilot program in 2013 to explore the use of WGS for the purposes of NBS, giving \$25 million to four grantees over five years to perform genomic sequencing and analysis on newborns; perform research related to patient care; and explore the ethical, legal, and social implications of using genomic information in the newborn period.[^12^](#fn12){ref-type="fn"}

III.. Defining Potential Implications {#sec3}
=====================================

Needless to say, the potential implications of a change from the current biochemical-based screening method to WGS are significant. Such a change would also represent a major shift in the moral focus of NBS, which in its origins was aligned with the Wilson and Junger principles for screening, including that conditions screened for should represent a serious public health problem, have a well-understood natural history, and be diagnosable and treatable.[^13^](#fn13){ref-type="fn"} Widespread adoption of WG-NBS will raise numerous difficult questions, including (1) what information should be returned to parents, (2) what to do about variants of unknown significance (VUSs), (3) what infrastructure will be needed, (4) privacy and research uses, and (5) informed consent.

What information should be returned? {#sec3-1}
------------------------------------

Few studies assess the types of information parents would want to know from WG-NBS, and only a handful have asked parents the same question regarding past expansions of NBS. Those that have been done on WG-NBS have shown parents to be strongly in favor of it.^[14](#fn14){ref-type="fn"},[15](#fn15){ref-type="fn"}^ However, both studies were performed using surveys, and it is difficult to explain the magnitude of whole-exome and WGS to patients even with the benefit of time to have a conversation.

Most of the studies addressing the types of information parents do and do not want from NBS have been focused on previous expansions of NBS and do not address all the types of information WGS can provide, or the scale of the test and the quantities of information that could be returned. These studies generally found that parents err on the side of wanting more information, not less, from NBS. Parents prioritize the potential benefits of screening over the potential harms, with more controversy surrounding screening for later-onset conditions for which there are not preventative measures or treatment available.^[16](#fn16){ref-type="fn"},[17](#fn17){ref-type="fn"},[18](#fn18){ref-type="fn"},[19](#fn19){ref-type="fn"}^

This question of which types of information should be returned from whole-exome or whole-genome sequencing has been addressed formally by a professional organization, but not in the context of screening. As the ordering of whole-exome sequencing has become more commonplace in clinic, and WGS is done regularly on a research basis, the ACMG released guidelines for the return of incidental findings in 2013. These recommendations include a list of conditions/genes for which findings unrelated to the patient\'s medical presentation should be reported---the list is primarily comprised of genes which cause cardiomyopathy or a predisposition to cancer.[^20^](#fn20){ref-type="fn"} All of these conditions are serious and potentially life-threatening and there are preventative measures or treatment available, which would not be the case with the majority of the conditions detectable via WG-NBS.

One factor influencing which genetic tests providers order and which information is returned to patients is the issue of medical malpractice. Genetics health-care providers, and medical geneticists in particular, have increasingly become the target of lawsuits. There are several reasons for this---first, new medical technologies often lead to a wave of malpractice suits. The more that can be done to treat or prevent a particular condition, the more a physician could be at fault for failing to consider. Also, there is little consensus about the circumstances under which various genetic tests should be offered, including which types of tests are ready for clinical application, as well as the clinical significance of the results. Even if there were a list of recommended information to return to parents from WG-NBS, there would still be an abundance of ambiguity in the test results. VUSs are common in genetic testing, and it is often unclear whether a mutation is likely to cause disease or not. The medical significance of many genes is also often unclear. Genetics professionals frequently make difficult judgement calls when deciding what to report back to patients.

Of course, genetics health-care providers are not the only ones who could be held liable for failing to order a genetic test or report back genetic testing information in a clinical context. Other types of physicians can and have been held liable for failing to order or interpret appropriate genetic testing, including a recent case in Connecticut in which a woman sued her physician for failing to warn her that her family history of breast cancer also implied a possible genetic risk for ovarian cancer. The Connecticut Supreme Court upheld a \$4 million jury verdict after she developed ovarian cancer.[^21^](#fn21){ref-type="fn"} Unfortunately, most medical schools have only recently started training students in genetics, and many physicians feel that they do not have sufficient training in this area.[^22^](#fn22){ref-type="fn"}

Also contributing to the increasing risk for medical malpractice suits in the medical genetics field is a recent shift away from a local custom standard for medical malpractice toward a more objective standard of 'reasonableness', or a national standard of care.[^23^](#fn23){ref-type="fn"} This shift could increase the risk for physicians who have limited genetics background or work in clinics where genetic testing is not frequently offered due to a lack of training or financial resources.

While concerns about medical malpractice and a desire to be thorough might lead physicians and policy makers to favor returning more results, especially in the context of WG-NBS, it is also important to consider the negative impact of returning positive results. False positives will become more common as we look at yet more genetic information, and multiple studies have shown that abnormal NBS results requiring further testing lead to parental anxiety and/or depression, even when the follow-up testing is normal.[^24^](#fn24){ref-type="fn"}

Variants of unknown significance {#sec3-2}
--------------------------------

Much of the variation we find with WGS does not fit neatly into the category of a known mutation. Every time WGS is performed, that genome is compared to a reference genome, and the number of differences between the reference genome and the patient\'s genome usually reaches well into the millions. These differences, or variants, are pared down first by filters and computer algorithms, and then by a person who performs a review of the scientific literature. The variants are categorized by the likelihood that they are disease causing. Even after this process, the list of variants on the final report can number in the double digits and is usually comprised of a combination of variants in genes that may be related to the clinical presentation with varying degrees of certainty, as well as variants that are clearly unrelated to the phenotype but are part of the ACMG list of incidental findings that are recommended to be reported. Often times they are VUSs, and it is not possible to advise patients as to their significance until years later, when that particular variant has been seen in enough people to know whether or not it correlates with disease.

VUSs have long been a challenge with clinical genetic testing---even single gene testing---but WGS presents a whole new level of problem. In its current iteration, NBS looks for a small number of well-understood conditions. WGS will give us orders of magnitude more information. Currently there is still more uncertainty than certainty about the human genome. For WG-NBS to work, we will need to determine how we want to address uncertain results---what kinds of VUSs will be returned to parents, if any? How will parents be notified of changes in the status of VUSs (which are generally re-classified over time), if at all?

Infrastructure {#sec3-3}
--------------

This issue of VUSs relates to the next complication of WG-NBS, which is the need for a great deal more infrastructure and funding than exists in our current form of NBS. WG-NBS will mean a dramatic increase in the number of 'screen positives', both true and false. Some will fall in a gray area between true and false---an infant, for example, who exhibits a genotype that sometimes correlates with a metabolic disease but who has no biochemical findings of the disease, but who may still need to follow up with genetics regularly and go on expensive medications as a precaution. Is this a good thing because it could prevent manifestation of disease, or bad because we would be overtreating healthy individuals?

The parents of these 'screen positive' infants will need to have the infants followed in a genetics clinic. In the event that they are true positives, they may need life-long follow-up care. Where will these families go for follow-up and who will pay for it? Who will obtain the consent of parents at the beginning of the WG-NBS process? Are there enough genetic counselors or other trained health-care professionals who are qualified to return WGS results to families? One recent study of genetic counselors shows that 82% do not feel prepared to counsel families on results of WG-NBS, implying that a great deal more education is needed for health-care providers, as well as for the public.[^25^](#fn25){ref-type="fn"}

Additionally, significant infrastructure will be necessary to manage the massive quantities of data WG-NBS would generate. As well as having capacity to store the data, a system must be in place to control access to the data. If parents have a choice about the types of data they receive from WG-NBS, would they have the option of receiving information (such as information about adult-onset conditions) later in their child\'s life? Or would the child himself have that option? If so, how would that information be conveyed at the appropriate age, especially if the individual has moved to another state?

Privacy and research use {#sec3-4}
------------------------

Privacy implications are another major consideration with regard to WG-NBS. NBS in its current iteration is not a genetic test, and it looks for a discreet set of conditions. WG-NBS, however, would look at all of an infant\'s genetic material, making it possible to know at birth if a baby will develop Huntington\'s disease or if she is at increased risk for breast cancer. We could learn that her chromosomal gender does not match her phenotypic gender and that she will be infertile, or that her stated father is, in fact, highly unlikely to be her actual father. In the future, we will be able to tell much more.

To whom would this information be available? Parents? Physicians? Would the parents and, eventually, the child have the right *not* to be told certain types of information? If so, how would it be concealed from them? Would the state be allowed to keep samples used for WG-NBS for other research, a practice already controversial with newborn blood spots? These are important questions that should be answered before WG-NBS would be implemented.

Informed consent {#sec3-5}
----------------

Going hand in hand with this issue of privacy and the use of biological samples for research purposes is that of informed consent. As discussed earlier, most states mandate NBS and parents must be proactive to opt out or to prevent their child\'s blood spot from being used in research. An opt-out policy for population-based screening that is looking for a small number of well-defined conditions seems reasonable, but informed consent for genetic testing has long been considered vital.[^26^](#fn26){ref-type="fn"} For WGS, informed consent is particularly important, due to the many different types of information it could provide and the potential significance of that information both on the individual screened and his family. Additionally, studies have shown that parents strongly support explicit informed consent for screening.^[16](#fn16){ref-type="fn"},[17](#fn17){ref-type="fn"},[18](#fn18){ref-type="fn"},[19](#fn19){ref-type="fn"}^

IV.. What To Do? {#sec4}
================

I am not convinced that WG-NBS *should* be implemented, but I believe that it is inevitable. The question then turns to implementation. Because the implementation will be complicated, it will be tempting for policymakers to ignore it until it is not possible to ignore anymore. While ultimately viewed by most people as a success, the initial implementation of NBS with PKU screening many decades ago similarly went forward with little prior planning. The logistical and ethical consequences of making the same mistake with WG-NBS would scale with the magnitude of the test itself.

Above all, sufficient planning must go into the implementation of WG-NBS. One of the greatest improvements that could be made to NBS would for it to become a national program. The lack of standardization among states makes for confusion and for inequities in detection and care. Compound these problems with the complications of instituting a program as complex as WG-NBS, and it seems ridiculous to re-invent the wheel 50 times over. In addition to wasting resources, separate NBS programs in each state will complicate the care of those who are screened, making it harder for the information, useful throughout the lifetime of the screened children, to follow them across state lines.

Currently, few studies explore stakeholders' viewpoints regarding WG-NBS. Such a dramatic expansion of NBS should not be implemented merely because it is possible---it should provide information that parents want, and it should fit into a revised list of population-based screening principles that have buy-in from parents, health-care providers, and policymakers. When such studies are done, I believe we will find that while there are some strong common themes in the types of information parents want to know from WG-NBS (such as a desire to learn about clinically actionable diseases), there will be much more variation for other types of information (for example, non-actionable adult-onset conditions). To address this variation, we must develop an informed consent process that gives parents choices, with an option to have information revealed at a later date if, for example, they change their minds, the child\'s health changes, or a VUS is reclassified. Information about non-preventable adult-onset conditions should not be reported to parents, but left to the child to decide when he comes of age, as information about what will happen to an adult should belong to that adult.

WG-NBS should be optional, and informed consent must be an integral part of the process. It makes sense for NBS in its current form to be mandatory because of the nature of the illnesses for which it screens. Today, NBS looks for a limited number of conditions, many of which have serious consequences that can be prevented if detected early. WGS is fundamentally different. It includes these same serious conditions, but also so much more---information families have a right not to know and not to test for. This kind of test should be offered on an opt-in basis only. If informed consent cannot be obtained, then screening should be limited to the diseases currently tested for by biochemical NBS.

Conclusion {#sec4-1}
==========

WGS will replace the current biochemical method of NBS within my career. I only hope that it is done not because the technology exists to make it possible, but as a measured, well-planned answer to the desires of stakeholders. WG-NBS presents an opportunity to implement this technology thoughtfully, based on agreed-upon principles meant to strike an appropriate balance between cost and health outcomes. We must not waste it.

Shannon Rego is a genetic counselor working on genomics research at Stanford University.
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